The relationship between starch chemistry and intestinal nutrient transporters is not well characterized. We hypothesized that inclusion of slowly instead of rapidly digestible starch in pig diets will decrease glucose and increase short-chain fatty acid (SCFA) transporter expression in the distal gut. Weaned barrows (n = 32) were fed 4 diets containing 70% starch [ranging from 0 to 63% amylose and from 1.06 (rapidly) to 0.22%/min (slowly) rate of in vitro digestion] at 3 × maintenance energy requirement in a complete randomized block design. Ileal and colon mucosa was collected on day 21 to quantify mRNA abundance of Na + -dependent glucose transporter 1 (SGLT1), monocarboxylic acid transporter 1 (MCT1), and Na + -coupled monocarboxylate transporter (SMCT). Messenger RNA was extracted and cDNA manufactured prior to relative quantitative reverse transcription PCR. Data were analyzed using the 2 -Δ ΔC T method, with β-actin and glyceraldehyde-3-phosphate dehydrogenase as reference genes, and regression analysis was performed. As in vitro rate of digestion decreased, SGLT1 linearly increased (P < 0.05) in the ileum. Contrary to SGLT1, MCT1 tended to linearly decrease (P = 0.08) in the ileum and increased quadratically (P < 0.001) in the colon with decreasing rate of digestion. Starch digestion rate did not affect SMCT in the ileum; however, colonic SMCT quadratically decreased (P < 0.01) with decreasing rate of digestion. In conclusion, in contrast to our hypothesis, slowly digestible starch increased ileal glucose and decreased ileal SCFA transporter mRNA abundance, possibly due to an increased glucose in the luminal ileum. Effects of starch on colonic SCFA transporter mRNA abundance were inconsistent.
ABSTRACT:
The relationship between starch chemistry and intestinal nutrient transporters is not well characterized. We hypothesized that inclusion of slowly instead of rapidly digestible starch in pig diets will decrease glucose and increase short-chain fatty acid (SCFA) transporter expression in the distal gut. Weaned barrows (n = 32) were fed 4 diets containing 70% starch [ranging from 0 to 63% amylose and from 1.06 (rapidly) to 0.22%/min (slowly) rate of in vitro digestion] at 3 × maintenance energy requirement in a complete randomized block design. Ileal and colon mucosa was collected on day 21 to quantify mRNA abundance of Na + -dependent glucose transporter 1 (SGLT1), monocarboxylic acid transporter 1 (MCT1), and Na + -coupled monocarboxylate transporter (SMCT). Messenger RNA was extracted and cDNA manufactured prior to relative quantitative reverse transcription PCR. Data were analyzed using the 2 -Δ ΔC T method, with β-actin and glyceraldehyde-3-phosphate dehydrogenase as reference genes, and regression analysis was performed. As in vitro rate of digestion decreased, SGLT1 linearly increased (P < 0.05) in the ileum. Contrary to SGLT1, MCT1 tended to linearly decrease (P = 0.08) in the ileum and increased quadratically (P < 0.001) in the colon with decreasing rate of digestion. Starch digestion rate did not affect SMCT in the ileum; however, colonic SMCT quadratically decreased (P < 0.01) with decreasing rate of digestion. In conclusion, in contrast to our hypothesis, slowly digestible starch increased ileal glucose and decreased ileal SCFA transporter mRNA abundance, possibly due to an increased glucose in the luminal ileum. Effects of starch on colonic SCFA transporter mRNA abundance were inconsistent.
INTRODUCTION
The relation between starch chemistry, starch digestion and fermentation, and absorption of glucose or shortchain fatty acids (SCFA) is not well defi ned due to the diffi culties of quantifying nutrient fl ux and subsequent production and absorption of SCFA (Regmi et al., 2011b) . Quantifi cation of nutrient transporter expression may be a suitable tool to aid in characterizing starch digestion and absorption; however, the relationship between starch digestion in the small intestine, fermentation to SCFA in the large intestine, and the expression of glucose and SCFA transporters in pigs is poorly characterized. Low amylose starches are rapidly digested to produce glucose, which is absorbed by the Na + -dependent glucose transporter 1 (SGLT1) (Shirazi-Beechey et al., 2011) . In contrast, high amylose starch is potentially fermented, producing SCFA that are absorbed by the monocarboxylic acid transporter 1 (MCT1) and the Na + -coupled monocarboxylate transporter (SMCT) (Roy et al., 2006) . Slowly digestible starch decreased net portal glucose and increased net portal SCFA fl ux compared to rapidly digestible starch diets in a previous study (Regmi et al., 2011b) ; however, underlying mechanisms supporting these changes have not been elucidated. Therefore, we hypothesized that inclusion of slowly instead of rapidly digestible starch in pig diets will decrease glucose and increase SCFA transporter expression in the distal gut. The objective was to determine the relation between starch chemistry and transporters SGLT1, MCT1, and SMCT in the ileum and colon of pigs fed 4 diets with starches ranging from rapidly to slowly digestible.
MATERIALS AND METHODS

Collection of Tissue
Animal protocols were approved by the Animal Care and Use Committee for Livestock at the University of Alberta. Crossbred weaned barrows (Duroc × Large White/Landrace F 1 ; n = 32; 4 pigs per treatment × 2 blocks) were fed 1 of 4 test diets in a complete randomized block design. Diets were fed at 3 × maintenance energy requirement once daily for 3 wk. Diets consisted of 70% purifi ed starch: rapidly digestible (0% amylase; 1.06%/min rate of in vitro digestion), moderately rapidly digestible (20% amylase; 0.73%/min), moderately slowly digestible (28% amylase; 0.38%/min), and slowly digestible (63% amylase; 0.22%/min) (Regmi et al., 2011a,b) . On day 21, pigs were euthanized 3 hr after feeding and mucosa samples were collected from the ileum, 2 cm cranial to the ileocecal valve, and colon, at the midpoint of the ascending colon.
Measurement of Transporter mRNA Abundance
Ribonucleic acid was extracted from intestinal mucosa and tested for purity and quality. Complementary DNA was synthesized and diluted to a working stock of 10 ng/μL and stored at -20°C. The mRNA abundance of SGLT1 (GenBank M34044), MCT1 (GenBank NM001128445), and SMCT (GenBank XM003126684) was measured using quantitative PCR. Amplifi cation of cDNA was carried out using a 7500 Fast Real-Time PCR System (Applied Biosystems, Foster City, CA), and cycle to threshold (C T ) was determined. The mRNA abundances of genes of interest are reported using the 2 -ΔΔC T method (Schmittgen and Livak, 2008) , with β-actin (GenBank DQ452569) and glyceraldehyde-3-phosphate dehydrogenase (GenBank NM001206359) as reference genes; reference genes did not differ among diets (P = 0.61) or segments (P = 0.29) in duplicates.
Statistical Analyses
Data were analyzed using PROC GLM of SAS (version 9.0; SAS Institute Inc., Cary, NC). The model included the fi xed effects of diet, segment, and diet × segment and random effects of pig and block; P < 0.05 was signifi cant and P < 0.10 a trend.
RESULTS
In the ileum, mRNA abundance of SGLT1 increased linearly (R 2 = 0.55; P = 0.02) and mRNA abundance of MCT1 tended to linearly decrease (R 2 = 0.61; P = 0.08) as in vitro rate of starch digestion decreased; in vitro digestion rate did not affect mRNA abundance of SMCT ( Figure 1A ). In the colon, in vitro rate of starch digestion tended to quadratically affect mRNA abundance of SGLT1 (R 2 = 0.70; P = 0.08), but both MCT1 (R 2 = 0.99; P < 0.001) and SMCT (R 2 = 0.84; P < 0.01) had a strong quadratic relation to in vitro rate of digestion ( Figure 1B ).
DISCUSSION
Research shows rapidly digestible starch increased net portal glucose and decreased SCFA fl ux compared to slowly digestible starch (Regmi et al., 2011b) . In the present study, we determined the relation between in vitro rate of digestion and mRNA abundance of transporters for glucose and SCFA in the distal intestine. As starch digestibly decreased from rapidly to slowly digestible, ileal SGLT1 mRNA abundance increased linearly whereas colonic SGLT1 tended to decrease quadratically. Previous research shows increasing luminal glucose increased SGLT1 mRNA abundance (Moran et al., 2010; Shirazi-Beechey et al., 2011) . Indeed, SGLT1 expression and glucose uptake was increased in the small intestine of weaned pigs fed a diet with >50% versus <50% digestible carbohydrates (Moran et al., 2010) . Therefore, Figure 1 . Fold change in mRNA abundance of transporters Na+-dependent glucose transporter 1 (SGLT1), monocarboxylic acid transporter 1 (MCT1), and Na+-coupled monocarboxylate transporter (SMCT) in the ileum (A) and colon (B) of pigs fed rapidly to slowly digestible starch relative to control pigs using the 2 -ΔΔC T method (Schmittgen and Livak, 2008) . Bars represent mean fold change ± SEM. slowly digestible starch may be digested more in the ileum, increasing luminal glucose and SGLT1 expression in that section of the gastrointestinal tract. Analysis of available substrates would confi rm this hypothesis.
Limited information exists on MCT1 or SMCT responses to luminal SCFA. It has been previously shown that slowly digestible starch increased SCFA in ileal digesta (Regmi et al., 2011b) , which would cause an increase in SCFA transporters (Cuff et al., 2002) ; however, in our study, ileal MCT1 decreased as in vitro rate of digestion decreased, indicating decreased ileal SCFA. In contrast to ileal expression, colonic MCT1 increased quadratically with decreasing in vitro rate of digestion and SMCT was also quadratically related to in vitro rate of digestion. Therefore, produced SCFA may infl uence MCT1 and SMCT expression in the distal intestine; however, more research into SCFA concentrations and their ratios would need to be performed to confi rm these relationships.
In conclusion, we established that slowly digestible starch increased ileal SGLT1, decreased ileal MCT1, increased colonic MCT1, and decreased colonic SMCT transporter mRNA abundance, possibly due to a shift in substrate availability. Differences in glucose digestion and SCFA fermentation, including changes in ratios of SCFA produced, need to be explored in order to fully interpret the results. Altogether, the links between starch chemistry, substrate production, and nutrient transporter expression requires further study to defi ne how pigs adapt to more fermentable instead of digestible carbohydrates in swine diets.
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